Abstract
Low accrual to adult oncology clinical trials is a major barrier to progress in cancer therapy. Clinical trials that do not achieve sufficient accrual are frequently unable to inform clinical practice or benefit patients (1-3). Moreover, low-accruing clinical trials often represent a waste of scarce human and economic resources (4) .
A 2010 report by the Institute of Medicine (IOM) stressed the need for a more systematic approach to prioritize the selection of cooperative group-sponsored clinical trials and improve recruitment and trial completion rates (5) . The report prompted the transformation of the cooperative group program into the National Clinical Trials Network (NCTN) in March 2014 in an effort to create a more streamlined and efficient system for developing and managing cancer clinical trials (5, 6) . Although the consolidation and centralization of the group's activities will likely improve efficiency, many questions still remain about how to transparently and effectively prioritize trials and improve accrual rates.
Identifying factors that predict low accrual in trials before they are launched could help optimize trial design to improve article accrual and inform trial design and portfolio prioritization efforts. Although many studies have investigated the perceived barriers to accrual from the patient or provider perspective (7, 8) , the extent to which differences between trials could predict low accrual has not been comprehensively evaluated. The few prior studies that have explored trial characteristics associated with accrual were importantly limited in the breadth of candidate predictors and number of trials studied (3, 9) . The purpose of this study was to evaluate the association and predictive properties of a broad set of putative trial-level factors and low accrual within the portfolio of adult cooperative group-sponsored cancer clinical trials.
Methods

Developing a Conceptual Model of Low Trial Accrual
We thematically synthesized evidence regarding trial-level risk factors for low accrual from a literature review (Supplementary  Tables 1 and 2 , available online) and key informant interviews (n = 3) with nationally recognized clinical trial experts (10) . We organized the evidence into a conceptual model, shown in Figure 1 , with overarching themes related to: 1) the broader landscape in which the trial is launched, 2) the disease(s) and 3) treatment(s) being evaluated, and 4) the trial's design.
Data Sources and Study Population
We used the 2014 AACT (Aggregate Analysis of ClinicalTrials.gov) database, a reformatted database of clinical trials registered in ClinicalTrials.gov (11) . We obtained all interventional, late-phase (II or III) adult oncology trials launched between 2000 and 2011 with a cooperative group member listed as a sponsor or collaborator (n = 810) for our model developmental set. The AACT database includes enrollment data for most completed studies. We obtained accrual data for those with missing data and ongoing trials directly from individual cooperative groups and the Clinical Trials Support Unit (CTSU), a system that manages the enrollment process and patient entry onto National Cancer Institute (NCI)-sponsored cancer clinical trials, in May 2014. We used the same approach to obtain a set of trials launched between 2012 and 2013 (n = 50) for an external validation, with ongoing accrual collected in July 2015. This provided at least three years of followup for the trials launched between 2000 and 2011 (development set) and at least 1.5 years of follow-up for trials launched between 2012 and 2013 (preliminary validation set).
We combined the AACT database with two additional data sources to explore a broader set of potential risk factors of low accrual. We obtained dates of initial marketing approval and the type of initial FDA review for all drugs and biologicals evaluated in each trial from the FDA database of approved drugs, Drugs@ FDA Database (12). We calculated annual US incidence of each cancer condition studied in an NCTN-sponsored clinical trial using data from the Surveillance, Epidemiology, and End Results (SEER) Program (13) .
Outcome: Low Trial Accrual
Low trial accrual was defined as a trial that closed with or was experiencing substantially lower-than-planned accrual in May 2014 (trials launched 2000-2011) or July 2015 (trials launched 2012-2013) and was therefore unlikely to generate sufficient evidence to address the primary endpoint. For our primary analyses we classified trials as having low accrual if their actual accrual was less than 50% of the target given prior evidence that few trials with less than 50% at one to two years after launch ultimately attain sufficient accrual and because accrual less than 50% beyond the first year currently triggers a formal review and possible early termination by CTEP (14, 15) . We also considered alternative thresholds (25% and 75%) in sensitivity analyses. We excluded trials that closed with lower-than-expected enrollment because of interim results or toxicity issues that necessitated stopping the trial early (n = 23 among trials launched 2000-2011 and n = 4 among trials launched 2012-2013).
Selecting and Measuring Predictors of Successful Trial Accrual
We sought to identify or derive measureable candidates for all putative predictors. Some predictors (eg, whether the trial was conducted in a metastatic or adjuvant setting) were straightforward to measure, whereas others (eg, complexity of eligibility criteria or less compelling scientific rationale) were more difficult or unfeasible to quantify with currently available data. The final set of candidate predictors (Table 1 ) was therefore limited primarily by the availability of data elements.
To estimate the level of competition for patients we first classified the clinical condition(s) studied by each NCTN-sponsored trial and then identified all trials registered on ClinicalTrials.gov that studied the same clinical condition(s) using a text-based algorithm (Supplementary Table 3 , available online). Next, within each clinical condition we counted the total number of trials that opened in the year preceding the start date of the index NCTN trial (these were considered "competing" trials) and divided by the total annual incidence of the relevant patient population(s), providing an estimate of the number of competing trials per 10 000 eligible patients per year. Lastly, although there were many incentives to register a trial before 2007, there was not a legal requirement and the portfolio of trials on ClinicalTrials.gov is likely incomplete. We therefore used multiple imputation techniques to recalibrate the total number of competing trials that were launched prior to Enrollment fraction was defined as the percentage of eligible patients who would be enrolled in the trial each year if the trial accrued as designed. We classified interventions as new investigational agents if the start date of the trial preceded the first US Food and Drug Administration (FDA) approval date for the relevant drug or biological product for any indication; surgical or radiotherapy interventions were considered FDA approved for the purposes of these analyses. We classified interventions as targeted therapies if they were listed on the National Cancer Institute's list of targeted cancer therapies (16) .
Statistical Analyses
We used univariate logistic regression models to explore the association between trial accrual success and each main effect listed in Table 1 . Predictors were selected using stepwise regression by optimizing the Akaike Information Criteria (AIC), which is a widely used statistical metric used to select the most parsimonious model that minimizes information loss (17) . We explored inclusion of interaction terms between trial phase and each of the selected marginal predictors selected by the stepwise algorithm to account for possible multiplicative effects and inclusion of restricted cubic splines with knots at the quartiles to account for possible nonlinear relationships in the continuous variables (18) . To check the robustness of our results to the model selection strategy and generate penalized regression coefficients that may provide more accurate out-of-sample predictions, we also explored selecting predictors using the least absolute shrinkage and selection operator (LASSO) (19) .
We evaluated the discrimination of the model by calculating the area under the receiver operating characteristic curve (AUC) and calibration by comparing visually the observed and article predicted risks across deciles of predicted risk in a calibration plot. Predictive accuracy was corrected for overfit ("optimism") by bootstrap resampling with 200 replications, wherein the predictors were reselected within each replication. We considered an AUC of greater than 0.7 as "good" (20) (21) (22) . Bootstrap resampling provides an estimate of the statistical optimism associated with evaluating a prediction model on the same dataset that was used to develop it. This is achieved by obtaining multiple training sets by repeatedly sampling observations from the original dataset with replacement. In each replication, we built a model on the training set, and then calculated the difference in the AUC when the model was applied to the training set and the validation set. Lastly, after the predictive model was finalized using trials launched between 2000 and 2011, we conducted a preliminary evaluation of its prospective validity using a sample of NCTN-sponsored trials launched in 2012 and 2013. All statistical tests were two-sided. All statistical analyses were conducted using Stata 13.0 (StataCorp LP, College Station, TX) and RStudio 0.98 (RStudio Inc., Boston, MA).
Results
Overall, 145 (18%) NCTN-sponsored trials that launched between 2000 and 2011 closed with low accrual or were accruing at less than 50% of targeted accrual three or more years after initiation. The majority of trials (65%) had completed enrollment at the time of these analyses ( Table 2) .
Factors Associated With Low Accrual
We identified several trial-level factors that were importantly associated with trial accrual within each of the overarching themes from our conceptual model (Table 1) . With respect to background factors, low-accruing trials were launched in settings of higher competition (median 4.4 vs 2.9 trials per 10 000 eligible patients per year) than those with successful accrual. We also found that trials with low accrual were more likely to study conditions with a lower annual incidence (median 64 990 vs 76 100 patients) and require a larger enrollment fraction (0.068% vs 0.031% of the eligible patient population each year). In line with our conceptual model, we found that trials in metastatic settings were less likely to be classified as low accruing (16% vs 23% of trials in metastatic vs nonmetastatic settings); however, after adjusting for other risk factors, the association was suggestive of an increased risk of low accrual in metastatic settings (odds ratio [OR] = 1.46, 95% confidence interval [CI] = 0.82 to 2.58) ( Table 3) . We identified several treatment-related risk factors associated with low accrual that were consistent with our conceptual model. In particular, trials with low accrual were less likely to study a new investigational agent (15% vs 28% of trials with successful accrual) or a targeted therapy (25% vs 36%), but were more likely to evaluate multimodality (48% vs 41%), surgery (19% vs 16%), or radiation therapy (32% vs 20%). Because of the lack of data and standardized definitions, we were unable to measure several treatment-related factors from our conceptual model, specifically the relevance of the research question to clinical practice, patient or physician preferences for a specific treatment, or deviation from standard of care.
Several hypothesized factors related to trial design were associated with an increased risk of low accrual, including more burdensome eligibility criteria as measured by the use of a tissue or biopsy sample to assess eligibility, randomized design, and greater trial complexity as measured by the number of interventions evaluated, number of study locations listed on ClinicalTrials.gov, and whether the trial studied more than one clinical condition. We did not observe important associations between risk of low accrual and length of planned follow-up or use of a placebo.
Accrual Prediction
The multivariable logistic model to predict low accrual (Table 3) exhibited good discriminatory performance, both internally (bootstrap corrected AUC on trials launched 2000-2011 = 0.739, 95% CI = 0.696 to 0.783) and when applied to trials launched between 2012 and 2013 (AUC = 0.732, 95% CI = 0.547 to 0.917). Predicted risks of low accrual were in good agreement with observed risks across the range of predicted risks, indicating good calibration (Figure 2) . Trials in the top 10% of predicted risk had an average 52% predicted (52% actual) risk of low accrual compared with a mean of 16% predicted (16% actual) among the remaining 90%.
Sensitivity Analyses
Our results were robust to different definitions of low accrual. The cutoff of 50% accrual is most relevant because it is 400 (62) 109 (75) commonly used to determine trial termination. Of note, however, a model built to predict a stricter definition of low accrual (<25% of target planned enrollment) included similar, but five fewer predictors than our main analysis (Supplementary  Table 5 , available online) and exhibited slightly improved discriminatory ability (AUC = 0.755). In contrast, a model built to predict a less strict definition of low accrual (<75% of target planned enrollment) included two additional variables (Supplementary Table 6 , available online) and exhibited a slightly lower discriminatory ability (AUC = 0.710). Our model was also robust to different predictor selection strategies. For example, the LASSO selected a comparable set of predictors as the model shown in Table 3 (Supplementary Table 7 , available online) and resulted in a predictive model with similar discriminatory ability (AUC = 0.745).
Discussion
Summary
We conducted an extensive analysis of trial-level risk factors associated with low accrual across the NCI Cooperative Group's portfolio of late-phase clinical trials launched in the last decade. We identified multiple factors that were associated with low accrual. Several have not been empirically characterized previously, including the estimated number of patients available relative to the trial's accrual target and impact of trials recently launched for the same patient population. Taken collectively, we found that these trial-level risk factors were important and potentially useful predictors of a trial failing to achieve more than 50% of its targeted accrual.
Implications
Although the size of the eligible patient population and the level of competition from other trials are known to influence accrual to cooperative group cancer clinical trials (23), these associations have not previously been characterized empirically. Given the importance of these factors to accrual risk, future work should explore how these factors impact accrual in more detail. For example, it would be helpful to understand if trials launched amidst more competitive landscapes have a more difficult time recruiting individual patients or securing enrollment sites, or if competing trials primarily influence accrual of other trials by generating evidence that changes standard of care and/or obviates the need to continue other ongoing trials. Future research will also be necessary to evaluate the role of a prediction tool of low accrual for prospective clinical trial accrual predictions and feasibility evaluations. Current accrual predictions are usually based on cooperative group experience in a particular disease setting; however, we identified several trial-level factors that could importantly affect projections based on past accrual experience. When previous accrual experience is not available, a prediction tool could also help inform educated judgments regarding the likelihood of achieving certain accrual targets.
We envision a prediction tool also being potentially useful in aiding in the selection and prioritization of clinical trials and perhaps helping target limited resources to support accrual where it is most needed. Importantly, we identified a small subset of trials at very high risk of low accrual: Those in the top 10% of predicted risk (n = 79) achieved greater than 50% target accrual less than half the time. Whether such high-risk trials should be pursued is a complex question that involves consideration of several criteria beyond feasibility; however, a quantitative measure of feasibility could help inform the sometimes necessary tradeoffs between accrual feasibility and other outcomes. Moreover, if high-risk trials are launched, a quantitative metric of accrual risk could help target limited resources to these trials to support accrual where it is most needed.
Comparison With Other Studies
Although numerous studies have investigated reasons for low accrual to clinical trials, only a few have empirically evaluated predictors of accrual success. Schroen et al. evaluated potential predictors of accrual feasibility using a convenience sample of cooperative group trials launched between 1991 and 2004. Although they evaluated several of the same predictors as in our analysis, they did not identify any factors conclusively associated with achieving sufficient accrual (14 article findings were likely because of a very small sample size-only 82 trials-compared with our sample of nearly 800 trials. Cheng et al. identified several early warning signals of accrual that may be useful for trial redesigns or decisions to terminate a trial that has already launched; however, these measures are not useful in the prioritization or planning of trials as such data are not available until after a trial has started (1). In contrast, we evaluated factors that are available when trials are being designed and could therefore be used in both the planning and prioritization of trial proposals.
Korn et al. also found better accrual among NCTN trials that evaluated an investigational new agent compared with those that did not (3). Among phase III trials activated between 2000 and 2007, they found that 18.5% with an investigational new agent and 26.7% without failed to achieve sufficient accrual. Surprisingly, the authors concluded that there was no substantial difference in the proportion of poorly accruing trials according to whether or not the trial involved an investigational new agent, despite a seemingly large difference. Our findings regarding the impact of studying an investigational new agent on accrual were similar, but our conclusions differ: We contend that they are important because accrual predictions from trials of new investigational agents may not provide the best available prediction of accrual for trials of FDA-approved interventions and vice versa.
Limitations
This study has several important limitations. First, we classified trials as having low accrual using a threshold of less than 50% target accrual. This definition was informed by prior studies and current clinical trial stopping rules. We found that a more or less strict definition of low accrual would not importantly change many of the predictors included in our multivariable model and would result in similar discriminatory abilities. Although the model to predict a stricter definition of low accrual was simpler and had a higher predictive accuracy than our main analyses, this is largely because the model relied on fewer and more extreme outcomes. Importantly, the model to predict less than 50% accrual had a similar discriminatory ability (albeit poor calibration) in predicting the outcome of less than 25% accrual (AUC = 0.74), whereas the model to predict less than 25% of target accrual had worse discriminatory ability at predicting less than 50% accrual (0.70).
We also found that there was a higher rate of low accrual among completed trials than ongoing studies. It is therefore possible that our definition of low accrual for ongoing trials may not capture the complete set of trials that will eventually terminate with less than 50% of targeted accrual; however, we felt that this was the most robust and least biased approach to classify trials with low accrual. Prior studies have avoided this challenge by restricting analyses to completed trials (1); however, this approach is subject to sampling bias because trials that terminate early because of poor accrual are more likely to be included. Another recent study used time-to-event analyses to study the cumulative incidence of failing to complete (24); however, this approach is not well suited for identifying risk factors for accrual of different trials that operate on very different time scales (eg, trials in metastatic vs prevention settings) where censoring is likely to be informative and could therefore potentially bias the results. Our approach does not exclude or censor trials with incomplete accrual follow-up and therefore is not subject to potential bias from sampling or informative censoring. We may misclassify trials as having low or successful accrual; however, this potential misclassification would be nondifferential and is therefore only expected to bias our results towards the null, if at all. Our initial investigation of accrual over time suggests that it is extremely rare for trials experiencing poor (successful) accrual three or more years after initiation to ultimately change course and end with successful (poor) accrual.
Second, it is important to emphasize that the prediction model is not intended to replace decision makers' judgment in assessing a trial's feasibility for several reasons. Some key factors, such as the scientific rationale of the trial or relevance to clinical practice, are likely critical to accrual success but are not currently measured in a systematic or standardized way and were therefore not included in our prediction model. Furthermore, some of the differences in risk factors between trials with successful and poor accrual were small in absolute terms and may not be considered meaningful on their own, such as the annual incidence of the eligible patient population; other risk factors, such as a trial's complexity or burden, are only reflected imperfectly using available data. In other words, our model is not perfect. That said, our model consolidates twelve key measurable factors that are associated with low accrual into a single, objective metric that has a promising discriminatory ability. Perhaps most importantly, it provides a framework and rationale for more research on the measurement and evaluation of additional trial-level risk factors associated with low accrual.
We identified multiple characteristics of cooperative groupsponsored trials that were importantly associated with low accrual, several of which have not been previously empirically described. We developed a prediction model that could provide a rigorous and transparent measure to calculate the risk of low accrual based on theses factors. Systematically considering the overall influence of these factors could aid in the design and prioritization of future clinical trials and therefore provides a direct response to the IOM's call for efforts to improve the selection, support, and completion of publicly funded cancer clinical trials.
